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I. INTRODUCTION
Advances in epitaxial oxide thin film fabrication, in combination with developments in the theory of complex oxide behavior, have inspired a new class of ferroelectric materials based on the control of lattice strain. [1] [2] [3] [4] [5] [6] [7] [8] In particular, a new family of materials in which ferroelectric and dielectric constituents are combined in epitaxial superlattices with atomic layer thickness precision has recently been developed. Thin films can be commensurately strained to percent levels without fracture via lattice mismatch strain to an underlying substrate, 7 enabling enhancement of ferroelectric transition temperatures by hundreds of degrees, 7, 25 the transformation of materials that are normally never ferroelectric into ferroelectrics, [9] [10] [11] [12] or totally new phenomena to emerge. [13] [14] [15] Essential to understanding the fundamental relation between strain and polarization in superlattices is the analysis of the associated domain morphology. The domain morphology is a direct consequence of energy minimization in the system. For example in homogeneous single component films, the case of 180 stripe domains has been considered in detail. [16] [17] [18] These in-plane structures minimize the total free energy including contributions from the domain walls and the depolarization fields. 19 The roles of crystal symmetry, film thickness, electrostatic boundary conditions (surface and interface charge compensation), and temperature have been investigated in an effort to understand the ferroelectric ground state and to achieve the desired mono domain structure.
While superlattices of ferroelectric and non-ferroelectric compounds can be designed to induce novel properties, [20] [21] [22] [23] [24] [25] the polarization is more complex than that of single component films. The magnitude and orientation of polarization in the non-ferroelectric layers is unknown, but manifests in the domain morphology. The relation between strain and polarization in ferroelectric thin films is determined from macroscopic measurements, such as x-ray diffraction, optical second harmonic generation, and more recently Raman spectroscopy. 26, 27 In these cases, the lateral morphologies of the domains are not directly determined. Recently, Streiffer et al. have used electrostatic force imaging (or surface potential imaging) of epitaxial PbTiO 3 thin films to map changes in domain morphology, providing a visualization of domains. 18 This approach is effective in characterizing domain morphology and in some cases domain dynamics, but does not yield properties, i.e., polarization.
Advances in scanning probe microscopy techniques allow an increasing range of properties to be measured at local scales. Piezo force microscopy (PFM) can, in principle, determine not only the local polarization orientation but also the magnitude of the polarization, though in the general case, quantification is complex. Nevertheless, it has been used semi-quantitatively in studies of ferroelectric domain morphology and domain dynamics. 28 Until recently, direct imaging of domain morphology in superlattices was not possible due to the combination of small domain size and small piezoelectric response. KathanGalipeau et al. 29 recently demonstrated an experimental approach that enables quantitative characterization of this class of materials by combining dual-frequency PFM with pointwise normalization of local contact properties.
a)
Here, we use the widely studied model system of ferroelectric superlattices [(BaTiO 3 ) n /(SrTiO 3 ) m ] p , where n and m refer to the thickness, in psueducubic (001)-oriented unit cells of the BaTiO 3 and SrTiO 3 layers and p to the number of times these layers are repeated, as a platform to systematically examine the effect of strain on polarization. A systematic variation in strain is induced by depositing such epitaxial superlattices on substrates with various degrees of lattice mismatch. Heterostructure design enables systematic variation of boundary conditions and recently developed phase-field calculations provide a theoretical framework to relate experimental observations to polarization. Figure 1 30 The lattice mismatches in these samples are summarized in Table I .
II. EXPERIMENTAL AND THEORETICAL PROCEDURES
The domain morphology was characterized by PFM, which operates by locating a conducting probe tip on a surface, applying an ac electric field and measuring the resulting expansion/contraction due to the inverse piezoelectric effect. The expansion/contraction is quantified by detecting the motion of the cantilever to which an Au-coated tip is attached at a frequency near the resonance of the cantilever in contact with the surface. Images were acquired with tip-free resonance ¼ 79.14 kHz, cantilever spring constant k ¼ 2.23 N/m, oscillation amplitude ¼ 6.6 V, and contact force $ 60 nN. Several factors can affect the interpretation of the PFM signal in terms of properties. The contact resonance is known to vary with position on a surface, an effect that is usually ignored. In dual frequency PFM, a frequency above and one below the resonance are excited. 32 Both amplitudes are detected and used to shift frequencies, so that contact resonance variations are eliminated from the data. In addition, the contribution of the local contact resonance to the amplitude of the response can be calculated and subtracted to determine the absolute value of the property. 29, 33 Non-local electrostatic fields from the tip shaft and cantilever can contribute a spurious force component leading to artifacts. This effect can be minimized by imaging with a sufficiently large contact force. 34, 35 We have shown how this can lead to quantification of polarization in cases where the sample configuration and crystallographic orientations are controlled. In more complex configurations, additional complications can arise from lateral force cross-talk, 36 cantilever flexure modes, 37 and detection. 38 These are discussed below. The ferroelectric domain structures are predicted by the phase-field method coupled with microelasticity and electrostatics. 39, 40 In this approach, we use the components of polarization P(x) ¼ [P 1 (x), P 2 (x), P 3 (x)], as order parameters, and their temporal evolution, thus the domain structure, is described by the time dependent Ginzburg-Landau (TDGL) equations,
where
is the coordinate, t is time, L is the kinetic coefficient related to the ferroelectric domain wall mobility, and F is the total free energy of the system, which is given by
where F bulk , F elas , F elec , and F grad are the corresponding bulk chemical, elastic, electrostatic, and gradient energies, respectively, e ij is the elastic strain, E i is the electric field components induced from dipole-dipole interactions, and 
We assume that the top surface of the superlattice and the film/substrate interface are charge-compensated along the x 3 direction and model the superlattice as a periodic structure.
In the simulation, the in-plane strains, e 11 and e 22 , imposed on the superlattice are calculated from the lattice parameter difference
where a sub and a sup are the lattice pseudo cubic lattice constants 43 and superlattices, shown in Table I . Figure 2 compares the amplitude images of [(BaTiO 3 ) n / (SrTiO 3 ) m ] p superlattices grown on the three substrates, and Fig. 3 shows the corresponding phase-field predictions of domain morphologies. The polarization directions of the colored domains are indicated by the corresponding arrows. All films were extremely flat, with topographic variations <1 nm over micron-sized areas.
III. RESULTS
For the case of the [(BaTiO 3 ) 3 /(SrTiO 3 ) 4 ] 25 p superlattice grown on SrTiO 3 , the SrTiO 3 layers experience no strain while the BaTiO 3 layer experiences a 2.5% compressive strain. Figures 2(a) and 2(d) shows that the morphology consists of meandering domains with sizes ranging from 20 nm to 50 nm. (The circular structures are topographic artifacts). The theoretical prediction for the domain morphology is compared in Fig. 3(a) showing the BaTiO 3 at the surface and Fig. 3(d) the SrTiO 3 at the surface. In this case, the theory predicts that both the SrTiO 3 3 . In this case, the experimentally determined polarization contrast exhibits relatively large-scale periodic in-plane variation with dimensions of $160 nm, which leads us to consider the potential impact of in-plane strain variations. The substrate in-plane lattice dimensions differ by $10% (0.0078 nm vs. 0.0086 nm). This leads to a 2.0% tensile strain in one direction in the SrTiO 3 layers and a 2.2% strain in the orthogonal direction. Similarly, BaTiO 3 layers experience a very small compressive strain; 0.5% in one direction and 0.3% in the other (see Table I ). The theoretical prediction is for the energy minimization to be accomplished through in-plane rotations of the polarization in the BaTiO 3 layer and in-plane polarization in the SrTiO 3 layer, resulting in a combination of tetragonal and orthorhombic structures. The calculated volume average of the vertical polarization is |Pz| average ¼ 0.0.003 cm
À2
. This domain configuration would result in almost zero perpendicular deformation; however, deformation contrast is observed in Figs. 2(c) and 2(f) .
IV. DISCUSSION
The first observation is that there are distinct differences in the measured polarization and domain morphologies between the films grown on substrates with varying degrees of strain. The calculations predict that both the SrTiO 3 and BaTiO 3 layers will be polarized and that the layer with the most strain will dictate the polarization direction. For example, in the sample grown on SrTiO 3 the BaTiO 3 is in compression and, therefore, is polarized "out of plane," i.e., perpendicular to the substrate. The BaTiO 3 induces polarization in the SrTiO 3 in the same direction, Fig. 3(a) . For the case of the SmScO 3 substrate where the SrTiO 3 is in tension while the BaTiO 3 compression is relatively small, the predicted polarization in both layers is "in plane," as dictated by the SrTiO 3 , Fig. 3(c) . For the intermediate case, in which the magnitudes of the strains are similar, the BaTiO 3 layer adopts an "out-of-plane" morphology reminiscent of the stripe domains in single component films, which is compensated by an "in-plane" morphology in the SrTiO 3 layers. Given these predictions, it is unsurprising that the experimentally inferred polarization variation differs with strain. It is interesting that the character of the morphologies, e.g., the lateral size, shape, and correlations of the domains, is substantially and perhaps characteristically different.
To compare these predictions to experiment, note that the PFM measurements probe the piezoelectric response which, in the general case, is related to a tensor containing mechanical and electromechanical coupling properties. It is challenging to quantitatively extract properties from the PFM response. [44] [45] [46] We have designed the samples and experiment to constrain several variables such that some simplifying assumption can be made. BaTiO 3 and SrTiO 3 are high symmetry crystals, the films are thin, and the orientation is constrained such that the (100) is perpendicular to the surface. For cþ and c-domains, the majority of the response is related to the ferroelectric dipole. For more complicated domain configurations including lower symmetry phases, the piezoelectric response is related to polarization in a more complicated manner. In these cases, the morphologies are compared and trends in piezoelectric response identified.
A first comparison is the predicted volume averaged polarization and the average measured piezoresponse, Table I . The films grown on SrTiO 3 should exhibit the largest vertical component of polarization, and the film on SmScO 3 should exhibit the smallest component. We first note that there is qualitative agreement between the trends in the measurement and predicted polarization; both decrease as the strain induces a larger component of the polarization to the in-plane orientation. The experimentally measured decrease is not as large as that predicted. This is discussed in detail below.
The configuration of the film on the SrTiO 3 substrate is ideal in that the orientation of the polarization is completely vertical so the probe directly accesses the polarization vector. As a consequence, both the volume averaged response and the domain morphology shown in Fig. 4 (a) agree well with predictions. Note that a film consisting entirely of cþ and c-domains should exhibit no variations in deformation amplitude, i.e., image contrast, except for tip artifacts at the domain boundaries. Ideally, the direction, positive or negative, of the polarization vector does not affect the amplitude of the deformation. We have shown previously 23 that this polarization asymmetry is indicative of an internal electric field and can be used to determine the magnitude of the electric field. The experimentally observed asymmetry corresponds to a field of 7-9 Â 10 6 V/m, perpendicular to the plane of the surface. The field is well below (10% to 30% of E c ) the expected coercive field for epitaxial films. [47] [48] [49] [50] We do not determine the origin of the internal field, but the difference between compensation at the top and bottom of the film would cause such a field.
The domain configuration in the film on the SmScO 3 substrate is predicted to be entirely "in plane" and contribute negligible vertical contrast. Indeed the measured value is a factor of 4 smaller than the completely vertical case, but it is not zero. This could be a consequence of cross-talk between the lateral and vertical piezo response discussed by McGilly et al. 36 The presence of an internal electric field would, however, act to increase the amount vertical polarization and affect the domain morphology. With the complex domain configuration, in this case, it is not possible to estimate the internal field strength implied by the measurements, but its presence would account for the small, but measurable vertical polarization. Similarly, the presence of an internal electric field for the intermediate case accounts for the higher than expected ($50% higher) measured average polarization. Figure 4 compares the domain morphologies for the three samples on a size scale commensurate with the calculation. As noted above, for the case of vertically orientated domains, the agreement is excellent. With the volumeaveraged measurement, it is not possible to infer the level of detail shown in Fig. 3 on films that contain 3-D domain structure, but some interesting observations can be made. The measured domain morphology in the film on the GdScO 3 substrate exhibits a threading worm-like morphology similar to the prediction for the BaTiO 3 layer but on a larger length scale, as seen in Figs. 2(b) and 2(e). On a smaller scale, the domain size is between those predicted to be in the SrTiO 3 and BaTiO 3 layers, respectively (Fig. 4(b) ). The small-scale morphology on the SmScO 3 substrate exhibits domain size and shape similar to the prediction of the inplane domains, suggesting that the internal electric field affects the domains differently, which might be expected. Compare Figs. 3(c) and 4(c) .
Finally, at the larger length scales shown in Fig. 2 , the film on the SmScO 3 substrate exhibits clear variations of contrast, which are most clearly evident in Fig. 2(c contrast variations along the line. Since the substrate inplane unit cell dimensions are not equal, a ¼ 0.3983 nm and b ¼ 0.3991 nm, it is interesting to consider the impact of this on domain structure. If we assume that the film is fully commensurate, or more specifically, that there is no periodic strain relief mechanism at the interface, then the strain in the film is different in orthogonal directions. The difference in the strain is small, 2.0% vs. 2.2% in the SrTiO 3 layer and À0.3% vs. À0.5% in the BaTiO 3 or $0.2%. If this strain difference were accommodated by regions of vertical or more vertically oriented domains, the contrast in Fig. 2(c) implies $300 unit cells in one state, 100 unit cells in another along the direction perpendicular to the line features. Much work needs to be done to examine this scenario, but if confirmed, it may serve as a strategy for fabricating patterned domains in ferroelectric films and superlattices.
V. CONCLUSIONS
A precise variant of PFM with quantitative consideration of point contact resonance variations was used to characterize the effect of strain on polarization in [(BaTiO 3 ) n / (SrTiO 3 ) m ] p superlattices. For the ideal case, in which polarization was perpendicular to the substrate, the measured polarization and domain morphology were in good agreement with phase-field calculations. This case allows the presence of an internal electric field in the thin film to be identified. The measured trend in polarization with strain state was in qualitative agreement with predictions, and the quantitative differences were consistent with the presence of internal electrical fields. Differences of domain morphology in heterostructured films with completely vertical and combined domain morphologies were predicted. Clear differences of domain morphology with lattice strain were observed. These were consistent with theoretical predictions if an internal field was invoked, but the possible effect of a lateral force contribution could not be excluded.
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